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Preface:
During the summer of 2015, I found myself with the opportunity to attend a
summer faculty fellowship program with the United States Air Force. In accepting
to accompany my major advisor Dr. Eddie Jacobs, I spent that summer in
Dayton, Ohio performing research. This field of study being one of his specialties
and one of my interests I thought of it as an opportunity to make an appearance
in the field to complement my academics. We were granted the opportunity to
work alongside Dr. Ken Barnard and the research team at AFRL on his award
winning method of direct modulation transfer function measurements of focal
plane arrays. Over the course of the summer, I learned substantial amounts of
optical engineering and began to dive into the deeper concepts behind optics. In
my time at AFRL it was requested to help with minimizing error in the modulation
transfer function measurement setup. Through this task I spent ample amounts
of time reading and studying the setup in efforts to enhance the accuracy and
functionality of the procedure. It was at this time, that I found several references
that made assumptions about laser speckle and the characteristic properties of it.
With very little explanation to validate these assumptions, I found this to be an
opportune place to start in contributing to AFRL’s research. With much
discussion with my advisor I found that truly characterizing laser speckle would
be a significant attribute to AFRL’s research along with adequate results to back
the theory I would satisfy my thesis requirements as well. After the conclusion of
the summer’s fellowship I returned to the University of Memphis to continue the
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work I had begun, and thus leading to this paper; Characterization of Random
Laser Speckle.
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Abstract:
The ability to measure the modulation transfer function (MTF) of optical
systems and components was a crucial advancement in optical engineering
community. This measurement has been attainable in multiple regions of the
electromagnetic (EM) spectrum, including visible, infrared, ultraviolet, and more.
Visible to midwave infrared (MWIR) wavelengths are a primary focus of this
research, with the anticipation of expansion into longwave infrared (LWIR). MTF
estimations of optical systems are proven achievable through several different
techniques. Dr. Glenn Boreman developed a process for calculating the MTF of a
given optical system through the use of random laser speckle.[1] Although, it was
through Dr. Ken Barnard’s research that a process for directly finding the MTF of
a given focal plane array (FPA) was established. Barnard’s process is subject to
certain limitations due to Fresnel approximations made with this technique.
Specifically, decreasing detector pitch limits the accuracy of the MTF calculation
due to approximations made about the diffraction that occurs in these ranges. [2]
In these approximations there exist assumptions about the statistical properties
of laser speckle, namely the correlation of the speckle. In an attempt to resolve
this issue, this paper aims to characterize random laser speckle upon the FPA
using mutual coherency. By using an altered version of Young’s double slit
experiment operating in the MWIR region, we aim to measure mutual intensity of
fringes upon the FPA, calculate visibility of these fringes, and prove the existence
of a corresponding region of coherency in the point source of the random laser
speckle while acknowledging that the random speckle is incoherent. We will
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attempt to validate our results by using a Lloyd’s mirror interferometer in the
visible wavelengths in hopes of lesser power losses in generating laser speckle.
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1. Introduction:
Resulting from an increased interest in MWIR and LWIR sensing, the electro
optical (EO) engineering community has established a common goal to increase
image resolution through efforts such as decreasing detector pitch.[3] However, in
doing so, the ability to calculate the MTF of given FPAs becomes challenging.
There are several different techniques applicable to calculating the MTF of a
FPA. Some of which involves finding the MTF of the entire optical system, then
subtracting out the known MTF of optical components in the system, leaving a
final MTF that represents the FPA. This research is concerned with the
techniques introduced by Dr. Ken Barnard during his research in directly finding
the MTF of a given FPA from random laser speckle.
After adequately studying this technique, it has become apparent that some
assumptions have been made in regards to the statistical properties of the laser
speckle. Consequently, this has created an opportunity to oversimplify
mathematical derivations while simultaneously limiting the range in the EM
spectra this MTF estimation technique is applicable for. In efforts to validate
these assumptions and broaden the spectrum in which this technique can
accommodate, this paper ventures to characterize laser speckle upon a given
FPA.
Through the use of a modified version of Young’s double slit experiment, we
aspire to produce interference fringes from laser speckle in the MWIR
wavelengths. It is from these fringes, paired with a sufficient visibility
measurement, that we can characterize the relationship between visibility upon
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the FPA and the coherence coefficient of the speckle source. We then perform a
modified version of Lloyd’s mirror experiment in the visible wavelengths. By
transitioning to the visible band we hope to achieve a lesser power loss in order
to achieve more concrete results.
With proper results from the two different experiments we will have
substantial proof to validate or invalidate the assumptions made about the
statistical properties of laser speckle.

2

2. Background Information:
This section will serve as a teaching and refresher aid as it will discuss
important concepts necessary for following the work of this research.
2.1 Important Optical Concepts:
In following the work of this research and the mathematical derivations
that occur in the data processing techniques, it is important to review some of the
more impactful theorems and methods that will be used.
2.1.1 Rayleigh- Sommerfeld:
Rayleigh-Sommerfeld diffraction is a theory in which light waves can be
represented at different instances in time as they propagate through space. With
the help of Figure 1, which represents the geometry for a region in space, the
formula that characterizes this diffraction of light throughout space can be
derived.

Figure 1: Geometry of scattering plane versus observation plane for wave
propagation mathematical derivation. Ref [2]
3

With the distance between the two planes being z and the slant distance
between P1 (α,β) and Q1 (x,y) being represented by r11, it can then derive a
representation for r11 as
1⁄2

𝑟11 = [𝑧 2 + (𝑥 − 𝛼)2 + (𝑦 − 𝛽)

2 ]1⁄2

𝑥−𝛼 2
𝑦−𝛽 2
= 𝑧 [1 + (
) +(
) ]
𝑧
𝑧

.

(1)

There exists a property of the Rayleigh-Sommerfeld diffraction that for 𝑟11 ≫ 𝜆
which can express the point Q1(x,y) as
∞

𝑧
𝑄1 (𝑥, 𝑦) = ∬ 𝑃1 (𝛼, 𝛽) (
) 𝑒 𝑗𝑘𝑟11 𝑑𝛼𝑑𝛽
2
𝑗𝜆𝑟11
−∞

∞

= ∬ 𝑃1 (𝛼, 𝛽)
−∞

1⁄2
𝑦−𝛽 2

𝑥−𝛼 2

𝑒𝑥𝑝 {𝑗𝑘𝑧 [1 + (

𝑧

) +(

𝑥−𝛼 2

𝑗𝜆𝑧 [1 + (

𝑧

𝑧

) ]

𝑦−𝛽 2

) +(

𝑧

(2)
}
𝑑𝛼 𝑑𝛽.

) ]

It is at this time the Huygens-Fresnel principle will be introduced, which states
that any point on the wave front can be represented as a spherical wave itself.
Only when considering a point in space at a secondary location yet to come.
Knowing this important fact will allow the expression Q1(x,y) to be simplified for
easier evaluations.
2.1.2 Fresnel Diffraction Region:
Using Figure 1 as an aid in the evaluation of Eq. 2, a representation of
wave propagation that is easily understandable can be discovered. Although,
when beginning to work with this equation mathematically, it introduces very
difficult derivations. It is from the Huygens-Fresnel principle that Eq. 2 can be
presented in a more simplified form. This simplification is referred to as Fresnel
diffraction region, or Fresnel approximation, and it is only valid under specific
4

criteria. For instance, if points P1 and Q1 are limited to locations close to the zaxis by applying a region of limitation to the scattering plane and observation
plane, with the maximum distance from the origin being represented as a
distance L1 and L2, it can then be shown that
𝑃1 (𝛼, 𝛽) = 0,

√𝑥 2 + 𝑦 2 > 𝐿1 .

(3)

From here, the new derivation of Q1 will begin and this simplified representation
will be adequately precise, as long as the following hold true:
√𝑥 2 + 𝑦 2 ≤ 𝐿2 .

(4)

From these two limitations, it is specified that the distance between the
observation plane and scattering plane needs to be much larger with respect to
the distances points Q1 and P1, from the origin within each plane. With these
restrictions in place, a maximum measurement for distance can be found, as
followed:
[(𝑥 − 𝛼)2 + (𝑦 − 𝛽)2 ]𝑚𝑎𝑥 = (𝐿1 + 𝐿2 )2 .

(5)

With the requirement of
|𝑧| ≫ 𝐿1 + 𝐿2 ,

(6)

the denominator of Eq. 2 can then be simplified as the following:
𝑥−𝛼 2
𝑦−𝛽 2
𝑗𝜆𝑧 [1 + (
) +(
) ] ≅ 𝑗𝜆𝑧.
𝑧
𝑧

(7)

It is important to understand at this time that the phase aspect of equation, Eq. 2
must be handled with caution. Even though this approximation, under these
conditions, introduces minimal error to the actual phase component of the
spherical wave, it can still lead to a large portion of a radian. Another limitation
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can be introduced upon the equations to ensure this margin of error in the phase
is less than one radian. With the following constraint:
4

|𝑧|3

𝜋(𝐿1 + 𝐿2 )
≫
,
4𝜆

(8)

the phase component can be approximated as
𝑘𝑟11 ≅ 𝑘𝑧 +

𝜋
[(𝑥 − 𝛼)2 + (𝑦 − 𝛽)2 ].
𝜆𝑧

(9)

These limitations have influenced Eq. 2 by applying Eq. 6 and 8; these equations
can be referred to as the Fresnel conditions. As a result, Eq. 7 and Eq. 9 will be
referred to as the Fresnel approximations. With these Fresnel approximations,
point Q1 (x,y) can be expressed as
∞

𝑒 𝑗𝑘𝑧
𝜋
(𝑥,
𝑄1 𝑦) =
∬ 𝑃1 (𝛼, 𝛽) × 𝑒𝑥𝑝 {𝑗 [(𝑥 − 𝛼)2 + (𝑦 − 𝛽)2 ]} 𝑑𝛼 𝑑𝛽.
𝑗𝜆𝑧
𝜆𝑧

(10)

−∞

2.1.3 Fraunhofer Diffraction Region:
Fraunhofer diffraction is commonly referred to as far field diffraction. In
general, this means that the observation plane is at a distance far enough away
that the Fresnel region and Fresnel approximation, specifically, are no longer
valid. This transition occurs due to the characteristics of spherical wave
propagation. It is understood that as waves propagate outwards spherically and
are encountered at a distance far from the source, in respect to the wavelength,
the wave front acts and can be represented as a planar wave instead of a
spherical wave. It is this criteria that confirms one is operating in the Fraunhofer
diffraction region. Gaskill [11] explains mathematically how the two regions differ
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from one another, however the main criteria required that must still be met for
Fraunhofer diffraction is
|𝑧| ≫

𝜋𝐿21
,
𝜆

(11)

along with applying the requirement of
𝐿42 ≪

4𝜆|𝑧|3
.
𝜋

(12)

For the region in the observation plane, the use of these two equations to find the
minimum distance for which the Fraunhofer condition is met. Where Gaskill used
a factor of 10 to satisfy the much larger requirement of Eq. 12, this new
representation will also do the same, therefore leading to
1/4

4𝜆|𝑧|3
𝐿2 ≤ [
]
10𝜋

3 1/4

4𝜆 10𝜋𝐿21
≤[
(
) ]
10𝜋
𝜆

20𝜋𝐿21
≤(
)∙
𝜆

(13)

2.1.4 Paraxial approximation:
Paraxial approximation is a characteristic of geometry that, in many cases,
can be directly applicable to optics. This approximation comes from the
understanding of paraxial rays; light rays traveling parallel with one another
through space close to the optical axis. Once these paraxial rays are interrupted
by an optical component placed in the optical path way, the rays will then refract
following the parameters in Table 1. These approximations are valid under the
assumptions that the angle of incidence, 𝜃, is small enough that the trigonometric
expression applied to it will result in little effect, therefore the approximations are
used.
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Table 1: Paraxial Approximations
Standard angle of incidence

Paraxial approximation

𝑠𝑖𝑛(𝜃)

𝜃

𝑐𝑜𝑠(𝜃)

1

𝑡𝑎𝑛(𝜃)

𝜃

2.1.5 Van Cittert-Zernike Theorem:
The Van Cittert-Zernike theorem [10] states that, under certain conditions,
the Fourier transform of the mutual coherence function from a distant incoherent
source is equal to its complex visibility meaning that a wave front coming from an
incoherent sources will appear to be coherent at a far enough distance away. In
other words when observing two incoherent sources just in front of their position
in space, they will appear to be incoherent as one of the two sources will over
power the other; being incoherent itself gives an inherent observation. However,
if the same observation were made far enough away in space, the observation
would appear to be coming from a coherent source since it is at this point that the
two incoherent sources are contributing almost equally. This is easily clarified
through understanding the definitions of coherent and incoherent light sources.
Coherent light, is a light source composed of waves propagating in phase and at
the same frequency. Incoherent light on the other hand, is a light source
composed of waves propagating at several different frequencies and not in
phase.
As a result of this theorem, two new terms that hold high importance to
this research: mutual coherence function, and visibility function, can be
8

introduced. For a mutual coherence function for a given electric field, 𝐸(𝑡), can
be measured at two different points in the observation plane. For example, by
using A and B, the mutual coherency of these two points can be defined as
1 𝑇
Γ𝐴𝐵 (𝜏) = lim
∫ 𝐸𝐴 (𝑡)𝐸𝐵′ (𝑡 − 𝜏)𝑑𝑡,
T→∞ 2𝑇 −𝑇

(14)

where 𝜏 is the time difference between the measured electric fields of points A
and B and 𝐸′(𝑡) representing the complex conjugate of that electric field. There
exists a unique trait of this measurement for the instance when 𝜏 = 0; this
moment in time is referred to as the visibilty function and represents the equal
delay spatial coherence. Mutual coherence between our two points, A and B, can
be thought of as a time averaged cross correlation, or autocorrelation, of the two
corresponding electric fields seperated by our time constant 𝜏. Therefore, if two
incoherent sources were observed, as previously discussed, our mutual
coherence measure would be significantly smaller regarding our two points in the
observation plane resulting from the amount of destructive and constructive
interefence that occurs in close range. However, the greater the distance
travelled from the two sources, the more the mutual coherence measure will
increase, assuming the distance is far enough; it is at this distant position that the
sum of any two points in the observation plane will be approximately the same.
A new term can be formed from a normalized version of the mutual
coherence function, called the correlation coefficient function.
𝛾𝐴𝐵 (𝜏) =

Γ𝐴𝐵 (𝜏)
√𝐼𝐴 √𝐼𝐵

9

(15)

Where 𝐼𝐴 and 𝐼𝐵 represent the intensities relating to points A and B. This
information will be useful while transitioning into the second order statistical
properties of laser speckle.
2.1.6 Weiner-Khintchine Theorem:
The Weiner-Khintchine theorem states that the autocorrelation function of
a wide sense stationary random process has a spectral decomposition given by
the power spectrum of that process which is attainable through application of the
Fourier transform. Mathematically this means that for a random process where
the autocorrelation is expressed as
∞

𝑟𝐴𝐵 (𝜏) = ∫ 𝑆(𝑓)𝑒 2𝜋𝑗𝜏𝑓 𝑑𝑓 .

(16)

−∞

The Power spectral density of a signal describes the power present in that signal
as a function of frequency. The power spectral density, 𝑆(𝑓), can be represented
as the Fourier pair of 𝑟𝐴𝐵 (𝜏) as
∞

𝑆(𝑓) = ∫ 𝑟𝐴𝐵 (𝜏)𝑒 −2𝜋𝑗𝑓𝜏 𝑑𝜏.

(17)

−∞

2.2 Laser Speckle:
Laser speckle is a phenomenon that occurs in optics when a highly
coherent light source becomes scattered while passing through rough surfaces.
This phenomena is caused by the phase retardation in the light propagation by
each individual rough point, therefore, from each of these individual rough points
upon the surface there is a corresponding intensity of light then radiating from
each corresponding point. This process is responsible for the polka-dotted image
created in the observation plane, which is referred to as a speckle pattern. The
10

speckle pattern exists because of reflection off of a rough surface, or propagation
through a diffused surface. Figure 2 below shows two different examples of the
speckle pattern just explained.

Figure 2: Speckle generated in MWIR wavelengths(left) Ref [2] and visible
wavelengths(right) Ref [15]
The first image being laser speckle that was created in the MWIR
wavelength; a large portion of text will be dedicated to the study of this particular
research. The second image shows laser speckle created from wavelengths of
650-700nm, which will be the focus of the second half of this research. One
important aspect to notice about the differences in these two images is not the
wavelengths that produced them, yet more importantly, the size of the speckle
points themselves. These differences can occur for one of two reasons. First,
reason being that the observation point of these two images could be at different
points. As discussed previously, it is known that the speckle points themselves
will expand in size as they propagate further and further through space. The
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second point being that the difference could be caused by the degree of
roughness of the surfaces that produced the two individual speckle fields.
Several different statistics exist that can be found useful in relation to laser
speckle and can be used in analyzing optical systems. Goodman

[10]

explains in

detail the math and logic necessary for generating laser speckle, as well as, the
first order and second order statistics that follow. The second order statistics,
however, being the main focus concerning the purpose of this research.
2.2.1 Generating and Understanding Laser Speckle:
There are a few different techniques that can be used in generating
random laser speckle. As previously discussed there must exist a reflection off of
a rough surface or a transmission through a rough surface in order to generate
the speckle pattern. One technique which exercises the reflection off of a rough
surface option is attainable through the use of an integrating sphere, as seen in
Figure 3.

Figure 3: Representation of light propagation through an integrating sphere to
produce laser speckle
12

The functionality of an integrating sphere is made possible resulting from
the interior walls of the sphere being coated to create a diffuse reflective surface.
As seen in the image above, the light rays enter into the sphere, propagate
through it, and then become introduced to the opposing side which is composed
of a random rough surface. From this rough surface the light is then totally
reflected but scattered in multiple directions, due to the roughness of the surface.
The light rays then propagate back through the sphere until reaching a different,
rough reflective surface, of the sphere. Once again the light rays are totally
reflected and scattered in multiple directions. This process is repeated multiple
times until the light reaches the exiting port of the integrating sphere. At that time
the light propagating out of the sphere is no longer the coherent light source, yet
is the random laser speckle pattern. This technique of creating speckle will be
used in one area of this research.
The second technique for generating laser speckle that will be used in the
research is achieved by transmitting light through a rough diffused surface,
represented in Figure 4.
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Coherent

Figure 4: Diffuser (Ground glass) used to generate speckle Ref [14]
Similar to the integrating sphere, the use of the ground glass diffuser will also
generate the speckle pattern desired. The difference, however, results from the
fact that with the use of a diffuser plate, the coherent light source only encounters
the rough surface one time. As seen in the Figure 4, light is projected upon the
smooth side of the diffuser plate at a normal angle of incidence to ensure
maximum transmission. As light passes through the diffuser plate and
approaches the rough surface side of the plate, the light is refracted in multiple
directions, similar to the reflection in multiple directions of the integrating sphere.
Although, with this technique it is important that the roughness of the ground
glass surface is uniformly distributed. Meaning the consistency of the
randomness in the rough surface is the same throughout the glass plate. This will
further guarantee a more uniform distribution of speckle in the observation plane.

14

2.2.2 Representing Speckle:
Now that speckle has been created and defined, it is important to discuss
how the speckle is represented in the complex field before venturing into the
statistical properties that reside within. The complex field in the observation plane
is A(x,y), at some distance, z, away from the parallel plane generating the
speckle (𝜉, 𝜂); represented in Figure 5. This image will be referenced as the
mathematical derivations needed to support this characterization process are
discussed.

Figure 5: Geometry of speckle field orientation
2.2.3 Second-Order Statistical Properties of Speckle:
2.2.3.a Autocorrelation and Power Spectral Density
The scattering plane in the (𝜉, 𝜂) coordinate system represents the speckle
pattern created immediately to the right of the ground glass diffuser, or
immediately after the exit port of the integrating sphere. It is known that the
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intensity distribution in the (x,y) plane is I(x,y)=|A(x,y)|2. The autocorrelation of
this distribution still needs to be discovered and can be represented using Eq. 18.
𝑅𝐼 (𝑥1 , 𝑦1 ; 𝑥2 , 𝑦2 ) = 〈𝐼(𝑥1 , 𝑦1 )𝐼(𝑥2 , 𝑦2 )〉.

(18)

It is important to understand at this time that the complex field A(x,y) is a circular
complex Gaussian random variable for each point (x,y), which can be used to
find the autocorrelation function defined above. However, this fact can only be
used if a surface is rough enough to cause proper scattering for the wavelength
in use.[10] For this case, the autocorrelation function of the intensity distribution
can be represented with the autocorrelation of each individual point (x,y).
Through the use of, Eq. 19,
𝐽𝐴 (𝑥1 , 𝑦1 ; 𝑥2 , 𝑦2 ) = 〈𝐴(𝑥1 , 𝑦1 )𝐴′(𝑥2 , 𝑦2 )〉,

(19)

which is the mutual intensity of the field; there exists a relationship between 𝐽𝐴
and 𝑅𝐼 due to the presence of circular complex Gaussian fields.
𝑅𝐼 (𝑥1 , 𝑦1 ; 𝑥2 , 𝑦2 ) = 〈𝐼(𝑥1 , 𝑦1 )〉〈𝐼(𝑥2 , 𝑦2 )〉 + |𝐽𝐴 (𝑥1 , 𝑦1 ; 𝑥2 , 𝑦2 )|2

(20)

In doing this, the process in calculation 𝑅𝐼 has been simplified by only needing to
find the mutual intensity of 𝐽𝐴 . For Eq. 20, it is known that 𝐽𝐴 (𝑥, 𝑦; 𝑥, 𝑦) = 〈𝐼(𝑥, 𝑦)〉.
In order to find the mutual intensity in the observation plane, the properties
in the relationship between the fields must be understood. The scattering plane,
α(𝜉, 𝜂), and observation plane, A(x,y), need to satisfy the relationship expressed
in the Huygens-Fresnel principle [9] represented in Eq. 21.
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∞

1
𝜋
𝐴(𝑥, 𝑦) = 𝑒𝑥𝑝 [−𝑖 (𝑥 2 + 𝑦 2 )] ∬ 𝛼(𝜉, 𝜂)
𝜆z
𝜆𝑧
−∞

∙ 𝑒𝑥𝑝 [−𝑖

(21)

𝜋 2
2𝜋
(𝜉 + 𝜂2 )] 𝑒𝑥𝑝 [𝑖
(𝑥𝜉 + 𝜆𝜂)] 𝑑𝜉𝑑𝜂 ∙
𝜆𝑧
𝜆𝑧

Goodman [10] continues this derivation in his text but for the purposes of this
research it is only important to understand the relationship that exists between
the two complex planes, autocorrelation, and mutual intensities of both planes.
After further simplifications are made, a simplistic way to represent the mutual
intensity in the observation plane is created
𝐽𝐴 (𝑥1, 𝑦1 ; 𝑥2, 𝑦2 )
∞

𝜅
2
= 2 2 ∬|𝑃(𝜉1, 𝜂1 )|
𝜆 𝑧

(22)

−∞

∙ 𝑒𝑥𝑝 {𝑖

2𝜋
[𝜉 (𝑥 𝑥 ) + 𝜂1 (𝑦1 − 𝑦2 )]} 𝑑𝜉1 𝑑𝜂1 ∙
𝜆𝑧 1 1− 2

This representation of the mutual intensity is only concerned with the differences
in positioning in the observation plane (x,y), and the Fourier transform of the
intensity distribution of the scattering plane. The Van Cittert-Zernike theorem
discussed earlier allow for these derivations to be made possible.
2.2.3.b Complex coherence factor
In some cases it is useful to obtain and work with a normalized version of
the mutual intensity. This normalized version is referred to as the complex
coherence factor which is defined in Eq. 23:
𝜇𝐴 (𝑥1 , 𝑦1 ; 𝑥2 , 𝑦2 ) ≑

𝐽𝐴 (𝑥1 , 𝑦1 ; 𝑥2 , 𝑦2 )
1/2

[𝐽𝐴 (𝑥1 , 𝑦1; 𝑥1 , 𝑦1 )𝐽𝐴 (𝑥2 , 𝑦2 ; 𝑥2 , 𝑦2 )]
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⋅

(23)

Eq. 23 can be can applied with Eq. 22 to achieve a better representation of the
complex coherence factor, as seen in Eq. 24
∞

𝜇𝐴 (Δ𝑥, Δ𝑦) =

2𝜋

∬−∞|𝑃(𝜉, 𝜂)|2 𝑒𝑥𝑝 [𝑖 𝜆𝑧 (𝜉Δ𝑥 + 𝜂Δ𝑦)] 𝑑𝜉𝑑𝜂
2

∞

∬−∞|𝑃(𝜉, 𝜂)| 𝑑𝜉𝑑𝜂

∙

(24)

From all of this, the autocorrelation of the speckle intensity takes the form of
𝑅1 (Δ𝑥, Δ𝑦) = 〈𝐼〉2 [1 + |𝜇𝐴 (Δ𝑥, Δ𝑦)|2 ]
∞

2𝜋

∬−∞|𝑃(𝜉, 𝜂)|2 𝑒𝑥𝑝 [𝑖 𝜆𝑧 (𝜉Δ𝑥 + 𝜂Δ𝑦)] 𝑑𝜉𝑑𝜂

= 〈𝐼〉2 [1 + |

∞

∬−∞|𝑃(𝜉, 𝜂)|2 𝑑𝜉𝑑𝜂

(25)
|] ∙

The power spectral density of the intensity distribution I(x,y) is also
another useful measurement to know and understand. Through the use of the
Wiener-Khintchine theorem, it is possible to represent the power spectral density
as the Fourier transform of the autocorrelation function. From the autocorrelation
function in Eq. 25 and applying the Fourier transform, the PSD represented in
Eq. 26 is obtainable.

ℊ𝐼 (𝑣𝑋 , 𝑣𝑌 ) = 〈𝐼〉2 {𝛿(𝑣𝑋, 𝑣𝑌 )
(26)
∞

+

∬−∞|𝑃(𝜉, 𝜂)|2 |𝑃(𝜉 − 𝜆𝑧𝑣𝑋 , 𝜂 − 𝜆𝑧𝑣𝑌 )|2 𝑑𝜉𝑑𝜂
2
∞
[∬−∞|𝑃(𝜉, 𝜂)| 𝑑𝜉𝑑𝜂]
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2

}∙

3. Importance of Research:
Since the invention of the laser in 1960 there have been many efforts to
advance laser based research; it was from these efforts that laser speckle was
discovered. Although the study of speckle itself dates all the way back to when
Newton established that stars twinkle while planets do not. Once the phenomena
of laser speckle was discovered, more research opportunities emerged striving to
understand this laser based speckle pattern. In 1975 Richard Melville

[14]

performed his research on speckle, introducing different diffusers to generate
speckle while carrying out analysis on the outcome depending on thickness and
roughness of the diffuser. It was in 1990, as mentioned earlier, Dr. Glenn
Boreman [1] discovered a technique in regards to the calculation for MTF of
optical systems by means of laser speckle. Over time this technique was built on
and improved upon for different applications. One of these advancements was
made by Dr. Ken Barnard [2] who was able to take this technique and measure
the MTF of a FPA directly, without the need of any other optical components in
the optical system. This method became very lucrative to FPA manufacturers
and other scientists; until this point, estimating the MTF of a FPA introduced
many opportunities for error. These errors being a result of the need for other
optical components to perform calculations and not having certainty of the effects
the additional optical components would be imposing upon the true MTF estimate
of the FPA. This technique, introduced by Barnard, required a derivation of the
theoretical PSD of laser speckle. In this derivation, the Weiner-Khintchine
theorem [7] was used allowing the theoretical PSD to be evaluated from the
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theoretical autocorrelation; the autocorrelation function derived through
implementation of Rayleigh-Sommerfeld diffraction. All techniques until this point
held complete validity, therefore, Barnard made the assumption, for the
simplification in the derivation, that autocorrelation of the input speckle field could
be represented by a delta function. This assumption was made with reference to
Goodman’s speckle phenomena.[12] Other assumptions have been made about
the behaviors and characteristics of random laser speckle throughout research
and publications [10][5] aside from those concerning the uses of random laser
speckle for modulation transfer function calculations. For research purposes, the
assumptions made were able to maintain validity, however to expand on the
research that was done, these assumptions cannot be relied upon. Therefore, it
is important to understand exactly how random laser speckle behaves in space.
For instance, one example would be Barnard’s technique of using direct MTF
calculations of FPAs. One of the limiting factors in the technique lies within the
theoretical derivation of the PSD. Understanding the PSD is directly connected to
the autocorrelation function through Fourier analysis, the focus of this derivation
turns to obtaining the autocorrelation function. In this process of the
autocorrelation derivation from the Rayleigh-Sommerfeld diffraction formulas
discussed previously, Barnard makes a simplification to the derivation by
assuming the autocorrelation of the speckle field is delta correlated. Some other
limiting factors in this work exist due to decreasing detector pitch of the FPA,
which introduces physical stipulations upon setup as the maximum angle
between scattering plane and observation plane must abide by paraxial
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approximations. In readings [2][5][10]it has been quite common for laser speckle to
be assumed delta correlated. For the purpose of the research, in each of those
cases, this assumption allowed for equations to be oversimplified and a decrease
in the error of experiment to occur. In characterizing the phenomena of laser
speckle, there are many different attributes to consider or account for. Therefore,
in an effort to assist in solving these limitations, this research aims to create laser
speckle, impede it upon itself, find the autocorrelation function of the speckle field
generated, and determine, definitively, if the assumptions of laser speckle being
delta correlated stands valid or not. This information will assist in finding a
coherency coefficient for the random laser speckle, along with the mutual
intensity of the random laser speckle and any other statistical characteristics that
may be useful in further research. Whether or not the assumption of delta
correlation is proven valid or invalid this research will create a foundation in
which laser speckle based research can prevail.
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4. Young’s double slit experiment:
As previously mentioned the first technique which this research will use to
attempt to find the true underlying autocorrelation of speckle will be through the use of a
modified version of Young’s double slit experiment. The following sections will cover the
underlying theory and optical principles needed to perform Young’s experiment as well
as an attempt at implementation in the MWIR wavelengths.

4.1 Interference Patterns:
From Young’s double slit experiment, it is known that interference can be
generated between two light waves when passing through pinholes or slits.
Young verified his theory using a single incoherent light source passing through a
pinhole which passed light onto two pinholes a distance of z1 away. There was
an observation screen located a distance of z2 behind the pinholes. In his
experiment, Young discovered that as the waves proliferated from the pinholes to
the observation point, they would overlap in space. The outcome of this ended in
a cancelling and multiplying of the final signal upon the observation screen.
When the two waves from the pinholes were in phase, their amplitudes would
double, creating a bright line upon the screen, and as they reached the
observation screen, with their amplitudes out of phase, they would create a dark
line. This phenomenon would occur at the spatial frequency corresponding to the
wave length used to generate the light, thus generating a frequency of fringe
pairs light and dark repetitively across the observation plane.
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Figure 6: Representation of Young’s original Double slit experiment Ref[16]
Goodman [5] used intricate detail to explain the geometry and operations of
Young’s experiment. He then introduced new variables that Young did not
elaborate on, such as pinhole size and distances between each pinhole, or what
this would change about the appearance of the fringes seen in the observation
plane. One of these new variables was presented during one setup where
Goodman added two positive lenses; one before the screen obtaining the
pinholes and one after the pinholes before the observation screen. The addition
of these two lenses would guarantee a complete overlap of the fringe patterns
when viewed on the observation screen. This overlapping helps with derivation of
the mathematical formula for the interfering pattern by cancelling out the phase
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term for any off axis observation points while also creating equivalent visibility
across the observation plane.
𝐴 2

𝐼(𝑥, 𝑦) = 2 (𝜆𝑓) 𝐼 [2

2

1+
] × {𝜇 𝑐𝑜𝑠 [2𝜋 (∆𝜉𝑥 + ∆𝜂𝑦) + 𝛼 ]}.
12
12
𝜆𝑓

𝜋𝛿
√𝑥 2 +𝑦 2 )
𝜆𝑓
𝜋𝛿
( √𝑥 2 +𝑦 2 )
𝜆𝑓

𝐽1 (

(27)

The interference pattern seen on the observation screen is represented by
Eq. 27. [5] In this equation, A represents the area of the pinholes, 𝜆 is the
wavelength of the light, 𝑓 is the focal length of the two lenses placed in the
system (it is important to note that the two focal lengths of the lenses should be
equal and take the place of distances z1 and z2 in any previous descriptions of
the geometry set up in this text), 𝐼 is the intensity of the light upon the two
pinholes from the light source, 𝛿 is the diameter of the pinholes, 𝐽1 is the first
order Bessel function, 𝛼12 is the initial phase constant out of the two pinholes to
the observation point, 𝜇12 is the coherence coefficient, √𝑥 2 + 𝑦 2 is the distance
from the observation point in the observation screen to the optical axis of the
system, and finally, ∆𝜉𝑥 + ∆𝜂𝑦 is the distance between the pinholes in the pinhole
screen.
Due to the results from the radiometry of the current setup, which will be
covered in the next section, it was determined that performing this experiment
with slits instead of pinholes would provide a better signal to noise ratio for the
results. The derivation of the interference pattern formula for the slit experiment
is very similar to the pinhole scenario, with some alterations. When using slits of
infinitesimal size, the slits will become a mere pair of impulse functions. Knowing
light propagation can be represented by a simple Fourier transform, it can be
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known that the two impulse functions will form a cosine function offset to a
certain amplitude and modulate at a specific frequency. As these slit widths
increase, it can no longer have two impulse functions but instead the slits are
represented as a pair of rect functions in the x-direction. To get the interference
pattern, the two rect functions would convolve across the impulse functions in
order to know the outcome of the entire system, however, in the Fourier domain
the convolution becomes multiplication. Therefore, it can be seen that the two
rect functions, which represent the slits (width and length) become the sinc
function; this will be multiplied by the cosine function and scaled proportionately
depending on width, length, and distances between the silts, giving the final
formula for the Interference pattern
𝐴 2

𝑤

𝑙

2

𝐼(𝑥, 𝑦) = 2 (𝜆𝑓) 𝐼 [2𝑠𝑖𝑛𝑐 (𝜆𝑓 𝑥) 𝑠𝑖𝑛𝑐 (𝜆𝑓 𝑦)] ×
1+
{𝜇 𝑐𝑜𝑠 [2𝜋 (∆𝜉𝑥 + ∆𝜂𝑦) + 𝛼 ]}.
12
12
𝜆𝑓

(28)

Eq. 28 being the interference formula for slits instead of pinholes. All variables
are the same as before yet with the alteration of w now introduced as the width of
the slits, and l as the length of the slits.
4.2 Radiometry:
In the previous section, radiometry was mentioned in validating the choice of
using slits instead of pinholes in this experiment. Figure 7 represents the setup
referred to for all radiometry calculations that were made.
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Figure 7: Geometry Setup for Radiometry Calculations
The source radiance of the system [6]can be found using
Φ

𝐿𝑠 = 𝜋𝐴𝐿 𝑚𝑇𝑝 ;
𝑠

(29)

where Φ𝐿 represents the power from the laser, 𝐴𝑠 as the area of the sphere, and
𝑚 as the sphere multiplier, which is shown as follows:
𝜌

𝑚 = 1−𝜌(1−𝑓 ).
𝑠

(30)

Here, 𝜌 is the sphere’s inner surface reflectance and 𝑓𝑠 is the port fraction of the
sphere
𝑓𝑠 =

𝐴𝑒 + 𝐴𝑖
𝐴𝑠

(31)

Where 𝐴𝑒 is the exit port area, 𝐴𝑖 is the input port area, and 𝑇𝑝 is the transmission
of the polarizer. With the specifications from the set up provided by Dr. Kenneth
Barnard and the AFRL crew, it can be known that the source radiance is L S =
8.6205 (watts/(meter2-sr)). The solid angle of the first lens, L1,is
Ω𝐿1 =

𝜋𝐷𝐿1
4𝑓𝐿1

,

(32)

where 𝐷𝐿1 is the optic diameter and 𝑓𝐿1 is the optic focal length. The irradiance at
the pinhole/slit screen is
26

𝐸ℎ = 𝐿𝑠 Ω𝐿1 𝑇𝐿1 ;

(33)

𝑇𝐿1 being the transmittance of the lens. For a 𝑓𝐿1 = 𝐷𝐿1 = 25.4𝑚𝑚 and 𝑇𝐿1 =
𝑊

95%, 𝐸ℎ = 3.216 𝑚2 can be found for the radiance from the pinhole/slit screen
and is assumed lambertian, resulting in
𝐿ℎ =

𝐸𝑛
𝜋

.

(34)

The power on the detector is then
𝑃𝐷 = 𝐿ℎ 𝐴ℎ Ω𝑑 = 𝐿ℎ

𝐴ℎ 𝐴𝑑
2
𝑓𝐿2

𝑇𝐶𝐹 𝑇𝐷 ,

(35)

with 𝐴ℎ as the area of the pinhole/slit, 𝐴𝑑 being the area of the detector, 𝑓𝐿2 as the
focal length of lens L2, 𝑇𝐶𝐹 representing the transmission of the cold filter, and 𝑇𝐷
the transmission of the dewar window. The dewar and cold filter are both
components necessary when operating in the MWIR spectrum. Their purposes
are to filter noise through extracting unnecessary heat in the test setup. The
diameter of a pinhole signified as 𝑑𝑝ℎ and the width and length of the slits shown
as, 𝑤𝑆𝐿 and 𝑙𝑆𝐿 , respectively; are used to find 𝐴ℎ . At this point, an observation
that the power on the detector will increase linearly, with slit height and by the
square of pinhole diameter, can be made. When using a pinhole for 𝑑𝑝ℎ =
250𝜇𝑚, 𝑇𝐶𝐹 = 0.8, 𝑇𝐷 = 0.9, and 𝑓𝐿1 = 𝑓𝐿2 it can be discovered that 𝑃𝐷 = 5.6 ×
𝑊

10−15 (𝑝𝑖𝑥𝑒𝑙). Likewise, using a slit with 𝑤𝑆𝐿 = 𝑑𝑝ℎ and 𝑙𝑆𝐿 = 100𝑑𝑝ℎ reveals
𝑊

that𝑃𝐷 = 7.14 × 10−13 (𝑝𝑖𝑥𝑒𝑙). In order to convert the previously stated
measurement into photons per pixel, per second, the measurement should be
divided by

ℎ𝑐
𝜆

to achieve a wavelength of 𝜆 = 4.71𝜇𝑚. It can then be seen that the
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use of pinholes would result in Φ𝑝 = 1.334 × 105 (𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ⁄𝑝𝑖𝑥𝑒𝑙⁄𝑠𝑒𝑐) while the
use of slits would result inΦ𝑝 = 1.6985 × 107 (𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ⁄𝑝𝑖𝑥𝑒𝑙⁄𝑠𝑒𝑐 ). Signal to
Noise calculations can then be done using Eq. 36.
𝑆𝑁𝑅 =

Φp ητ

1

[Φp ητ+Φd τ+Nr 2 ]2

;

(36)

where Φp is the incident photon flux (photons/pixel/sec),τ is the integration time
(sec), Φd is the dark current (electrons/pixel/sec), and Nr is the read noise (rms
electrons/pixel). For each different FPA chosen for this experiment, SNR was
then calculated and it was determined that using slits instead of pinholes would
provide better results for analysis purposes.
4.3 Simulations:
When preparing for Young’s experiment, some simulations were run in order
to properly design the setup of the experiment. It was understood that two 25mm
lenses would be used in the experiment. The simulations would help determine
the widths and spacing between slits. From Eq. 28, we got the following results:
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Figure 8: Simulation results for slit widths at 50µm and distance of 100µm.
8a. Grayscale image of expected fringes
8b. Line plot across figure 8a for better visualization of fringes
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Figure 9: Simulation results for slit widths at 50µm and distance of 300µm.
9a. Grayscale image of expected fringes
9b. Line plot across figure 9a for better visualization of fringes
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From Figure 8 and Figure 9, it is apparent Eq. 28 was accurately derived,
as the simulation results provide a good visualization of the number of fringes
expected to be seen during the experiment, further validations can be made
when comparing with results of the experiment. The second image of both
figures also demonstrates where the multiplication of the sinc function and cosine
function are properly executed across the FPA.
4.4 Mask Design:
After simulations were completed, the necessary experiment masks were
designed. The masks would contain the variations of slits on a single wafer that
could be placed between the lenses in the setup. It was thought that the use of
three different slit widths: 50µm, 150µm, and 250µm, would be the best. These
widths were chosen from Eq. 37, located below; if proven true, would validate
Fraunhofer diffraction.[4]
𝑧>

2𝐷 2
𝜆

;

(37)

here z is the distance between the aperture and the FPA, for our setup. However,
that will serve as the focal length of the lens L2, and D being the linear dimension
of the aperture, which in this case are the slit widths themselves. Mathematically,
the upper limit for D was 250 microns, therefore, three different widths sets that
are evenly spaced, are chosen for the mask design. From there, a variety of
distances were chosen to provide a wide coverage region with the most simplicity
possible. Distances between slit set for each mask were as follows: 5 microns,
10 microns, 15 microns, 30 microns, and finally 50 microns, which provide a total
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of fifteen different test points; all operating in the Fraunhofer diffraction region.
Figure 10 represents the mask layout for one of the chosen slit widths.

Figure 10: Mask Design for 50µm Slits
The masks were made of a silicon based material in order to prevent the
passing of the IR light, with the exception of the desired slit positioning. The
mask design was processed into three different wafers all containing the slit
distances for each desired slit set width. The wafers were AR coated, and then
the process of lithography took place, followed by the final step of metal
deposition. Due to time constraints the wafers were left as a bare Ti coated
pattern. The original plan was to add another 50nm oxide coating on top of the Ti
in order to protect the metal from scratches and stripping from things such as
tape, felt, or other materials used during the actual experiment.
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4.5 Experiment:
Now that there is an understanding of the design and functionality of Young’s
double slit experiment, the following sections discuss the actual execution of the
experiment.
4.5.1 Setup:
This experiment follows the layout of Dr. Barnard’s setup for MTF calculations
from random laser speckle. However, this specific setup is slightly altered by
inserting two positive lenses and the mask containing slits between them. As
mention by Goodman,[5]this setup will help eliminate the phase shift constant in
the interference pattern equation for easier analysis upon the observation plane.

f

f

Figure 11: System layout for actual experiment

4.5.2 Data Processing:
The number of fringes to appear can be calculated from the following
formulas found in Goodman’s text, [5]as seen in Figure 12.

33

Figure 12: Geometry of Experiment and calculations for fringe wavelength and
spacing Ref[5]

Distances z1 and z2 are measured using the lab set up and the d value will be the
distance center to center of each slit set. Along with knowing the dimension of
the FPA being used and the detector pitch of 12µm, the expected amount of
fringes to be seen in the FPA can be calculated. Plugging in the distance as
d=165µm, the distances between fringes peak to peak can be calculated with the
outcome being approximately 300 µm.
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Once the processing of the data began and knowing the amount of fringes
that were predicted to be seen, it was determined that it would be easier to focus
on a smaller, more specific section of the FPA for better resolution representation
on the PC being used for more accurate fringe numbering calculations. It should
be understood that at this time the fringes will appear as sets, in order to count a
fringe set there must be a bright and dark channel, in other words, the peak and
trough of the sinusoidal wave pattern. With a window of the FPA from pixel value
1137 to the end of the 1280 pixels, 6 sets of fringes are seen. After doing the
math, it can be expected for there to be only 5 sets of fringes; this difference is
thought to exist due to percent error in the measuring of our z1 and z2 distances.
In order to validate this cause and effect, new fringe numbering are formed for
the calculations for data coming from the same z-distances set up, however, with
a different mask d, center to center. If this new analysis is off by a degree of the
same magnitude, it can then validate if the procedure and calculation methods
are correct and if any error present is due to poor measurements of z1 and z2.
This was done and it was determined that this technique was correct and a
percent error of approximately 12% was determined to exist in the data
collection.
4.5.3 Visibility:
After generating the fringes, the next step of this characterization process
is to measure and calculate the visibility across the FPA. Visibility is a calculation
represented by Eq. 38,
𝐼

−𝐼

𝜈 ≜ 𝐼𝑚𝑎𝑥 +𝐼𝑚𝑖𝑛 .
𝑚𝑎𝑥

𝑚𝑖𝑛
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(38)

Where 𝐼𝑚𝑎𝑥 and 𝐼𝑚𝑖𝑛 are measurements of the maximum and minimum
intensities across the fringes presented in the FPA. Goodman[5]shows that there
exists a relationship between the visibility seen and the coherence coefficient
describing the source of light. There are two different formulas for this
relationship discussed but for this experiment, it is assumed that intensity upon
both slits is equal thus providing a linear relationship between the coherence
coefficient and calculated visibility.

Figure 13: Simulation results of the relationship between measured
visibility and the coherence coefficient
As data is collected and visibility is calculated for each slit set and distances, a
set of data points that coordinate the coherence coefficient directly with the
distance between the slits is achieved, which is also D from Eq. 37; still validating
Fraunhofer diffraction. Figure 14 shows the expected outcome of this
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relationship from the simulation results. It is also seen in Figure 14 that there is a
window in the bottom left corner of the plot. This window will be referred to as the
window of coherency.

Figure 14: Coherency Coefficient Window with respect to distance between slits
center to center in microns
The window of coherency will exist at the point in which the coherence
coefficient reaches a value high enough to prove that the speckle point that
provides the fringes can be considered a coherent source. It is important to
understand, at this time that up to this point, random laser speckle has been
considered and treated as an incoherent source.
4.6 Results:
After performing the experiment in the lab, some good, yet confusing and
misleading results, were discovered. Figures 15 through 17 are some images of
raw data from the experiment set up. The speckle generated is represented in
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Figure 15 and it can be seen that speckle is an incoherent light source, but
through this experiment, there is an attempt to prove coherency to each of the
individual speckle points made.

Figure 15: Raw Data of Speckle Generated during experiment
After everything was set up properly and data was collected some of the
fringes, which were thought to be created by the 150 micron mask, can be seen.
When looking at the far left, far right, and dead center of the FPA, it can be seen
that fringes extend from the top of the FPA to the bottom. Calculations were done
to find the number of fringes that were expected to be seen as compared to the
number of fringes visibly seen in the display. As mentioned earlier, it was found
that these lines seen in the image were spaced an adequate distance that the
expected fringes were to be spaced. In order to confirm the results, the
experiment was then repeated with a new FPA in order to see if the window of
coherency would exist at the same position for both FPAs used in the
experiment.
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Figure 16: Raw Data of 150µm Slits

Figure 17: Raw Data from 250µm Mask

Figure 17 shows the display of the 250 micron mask used with the new FPA
setup. At this time it was seen that the chosen slit widths were not producing the
expected outcome which proved that the fringes seen in Figure 16 were not
fringes, but instead it was determined that it was fixed pattern noise in the FPA
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itself. This comparison can be better visualized and discussed in future results of
this work. All three of these images were an averaging of 120 frames of data to
eliminate any temporal noise that may exist in the imaging system, yet the fixed
pattern noise must be corrected during the data collection itself with better
nuking, or calibration, abilities; which was not achievable during this research
due to limited blackbody abilities. In Figure 17, however, it can be seen that the
fringes viewed in Figure 16 appear again and the spacing is yet the same. When
the math was worked out and the number of expected fringes was found, it was
at that time determined that these so called fringes were truly fixed pattern noise.
Although when looking closely, it can be seen behind the noise of the system that
the individual speckle points are being diffracted and thus longated along the xdirection. It is this result that confirms our mask designs were off and to get the
needed fringes to validate this method, it would need the same slit widths but
with greater distances between the slits themselves. This imporper mask design
results from errors in the simulation code that were not corrected until this point
in the research, thus leading to unreliable design parameters for the masks.
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5. Observational Synopsis:
In summary it can be concluded that using Young’s experiment can be an
adequate technique to characterize laser speckle, even to minimal detector
pitches, provided better results in the data collection can be achieved. With the
laser used to produce the MWIR light being a low power laser it would be
suggested to reproduce this research in the visible wave lengths where higher
power can be easily achieved. With adequate fringes produced, this procedure
can be applied to wavelengths in the SWIR, MWIR, and LWIR spectrum. Yet,
some observations were made about this technique and the limiting factors that
exist within it. As mentioned previously, the MWIR laser used in the experiment
could not provide an adequate amount of power to ensure total interference on
the FPA. Due to this, this characterization process will be continued in the visible
spectrum where hopefully higher irradiance powers can be acquired. Also the
complexity of the Young’s double slit, double lens setup raises a few concerns.
With the need for the optical components to align perfectly along the optical axis,
it was determined that a different interferometer would be of interest. In choosing
a new interferometer it was crucial to remember the need to venture back into
MWIR and LWIR wavelengths upon promising results. Due to this, simplicity of
optical components in the new system were desired. Lloyd’s mirror
interferometer was considered as an alternative approach. This technique would
provide a setup in which the alignment of optics could be more easily achieved.
Also, this technique would not consist of any complex optical components,
therefore making the transition back to infrared more achievable. The final, and
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possibly most important supporting attribute to the Lloyd’s mirror setup, is the
introduction of a virtual source thus conserving even more power that can be
concentrated on the FPA.
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6. Lloyd’s mirror experiment:
Lloyd’s mirror experiment[13] is an alternative setup to Young’s double slit
experiment. The differences lie in the physical setup of the experiment itself.
Young’s double slit experiment results with two separate sources which
propagate through space and interfere with one another as they reach the
observation screen. The Lloyd’s mirror experiment exists from having one source
and then a reflection of this source which acts as the second source. This
reflection will be referred to as a virtual source. With this ability there are several
advantages over the Young’s double slit experiment. With the setup in Lloyd’s
mirror experiment, the distances between our two sources can be controlled by
simply implementing a rotating stage in the setup. Whereas with Young’s double
slit experiment there would have to be a change in the physical distances
between the slits by redesigning and remanufacturing the masks themselves.
Where this is an advantage, other than the obvious cost advantage, is power
consumption. With separating the distance between the two sources in Young’s
experiment, the light source must expand in order to ensure both slits are
illuminated by the source. This increases a loss of power which is a huge
disadvantage when already working with incoherent laser speckle. With Lloyd’s
mirror experiment, this loss of power is not an issue since there is only one true
source, where the focus can be on all power down the one slit source. The
second source being the virtual source, and having the ability to change
distances between sources without the issue of power loss provides a sense of
encouragement in having a successful experiment providing promising results.
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6.1 Geometry:
With Lloyd’s mirror experiment, it is important to understand the geometry
behind the set up so that it can derive the needed equations to find the
interference upon the observation screen. Figure 18 below shows the basic set
up of a given Lloyd’s mirror experiment, and the different measurements that
have importance in the calculations.

Figure 18: Geometry and setup of Lloyd’s Mirror Ref[13]
The distance from a given point source, in the experiment a single slit is
placed in the optical plane, so the observation plane is D. The distance d, will
represent the distance between the source S and virtual source S’. With x being
the distance from the mirror to a given observation point P in the observation
plane, the distances can then be derived in the optical path length. This
difference in OPL will be represented by ∆. This information is useful in being
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able to represent the parameter, 𝜃. Through similar triangles a relationship can
be found between these two different sources by Eq. 39,
𝑥

∆

𝜃 = 𝐷 = 𝑑.

(39)

With this understanding of the geometry, a phase difference of this system can
now be found, which is known as the parameter responsible for the interference
to occur. It is also known that the phase difference, 𝛿, will be the wave number
times the difference in the OPL. It is important to understand, at this time there is
an additional phase shift of π that occurs in the Lloyd’s mirror experiment and not
the Young’s double slit experiment. This extra phase shift occurs because of the
reflection off of the mirror. Knowing this, and once again using the geometry of
the setup, this phase difference can be represented by Eq. 40,
𝛿 = 𝑘∆=

2𝜋
𝜆

𝑑 sin(θ) − π.

(40)

Now having a representation for the phase difference between the two sources,
the derivation of the intensity and interference that occurs at the observation
plane can begin. The intensity at observation point P will be the amplitude of the
signal, A, squared. Where A is the sum of the two contributing sources, S and S’,
with individual amplitudes of 𝑎. This intensity measure can be represented by
equation 41,
𝛿

𝐼 = 𝐴2 = 2𝑎2 (1 + 𝑐𝑜𝑠𝛿) = 4𝑎2 cos (2).

(41)

The phase difference can then be rewritten as equation 42;
𝛿=

2𝜋
𝜆

𝑥

𝑑 𝐷 − 𝜋.

(42)

It can then be determined that our interference will produce bright fringes when
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1

𝐷

𝑥 = (𝑚 + 2) 𝜆 𝑑 .

(43)

Where m is any integer that leads to this parameter remaining true.
Similar to the steps followed with the Young’s experiment we are working
our way to finding the visibility measurable by the system. However, unlike the
Young’s experiment, compensation must be made for the addition of a mirror in
the interferometer setup. Therefore, the intensity from each source must be taken
into consideration, and the intensity from S’ has to do with the reflectivity of the
mirror. This requires for the radiometry of the system to be evaluated first.
6.2 Radiometry:
When transitioning from the infrared wavelengths to the visible for this set
up it was important to rework the radiometry of the system in order to properly
understand the operability of this set up. For the following work relating to
radiometry, refer to Figure 19 for all following calculations.

Figure 19: Geometry Setup for Radiometry Calculations of Lloyd’s Mirror
Experiment
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The source radiance of the system illustrated in the setup above is
calculated by using Eq. 44:
𝐿𝑠 = Φ𝐿 𝑇𝑃 𝑇𝐷

(44)

Where 𝑇𝐷 represents the transmission through the diffuser and 𝑇𝑝 is
(45)

the transmission of the polarizer, and
Φ𝐿 = 𝑃𝐿 𝐴𝑠

Where P𝐿 is the power from the laser, 𝐴𝑠 is the area of the beam propagating out
of the laser. The next optical component in the setup is the propagating through
the diffuser in order to generate the random laser speckle pattern needed for this
experiment. For this experiment, it was chosen to implement a complete set of
diffusers of different coarseness in the rough surface, because of this choice it is
necessary to do the radiometry for this setup with each individual diffuser option
in the setup; as each diffuser had its own percent transmission. Table 2 below
shows the list of the different grit options chosen to be used for this experiment
and the corresponding transmission properties associated with each.
Table 2: Listings of % Transmission related to the various grit ratings used in
experiment
Grit Rating of Ground Glass
% Transmission at 683nm
wavelengths
120 grit
75.6254%
220 grit
78.93492%
600 grit
86.85197%
1500 grit
86.56484%

With the specifications from the different options of diffusers listed above, the
corresponding source radiance, LS (watts/(meter2-sr)) , is in the following table. It
is important to note at this time, for simplicity in calculations and optimistically
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best case scenario it is assumed that the distance z is assumed extremely small
in relation to the wavelength. This assumption allows for simplicity in the
calculations because power loss due to spherical wave propagation does not
have to be accounted for when optical components are placed at close
distances. In doing so this will produce a higher Ls value then if the spherical
wave propagation was compensated for.
Table 3: Listings of source radiance LS related to the various grit ratings used in
experiment
Grit Ratting of Ground Glass
LS (watts/(meter2-sr))
120 grit
1.4382 x 10-6
220 grit
1.5011 x 10-6
600 grit
1.6517 x 10-6
1500 grit
1.6463 x 10-6

The next component in the optical system is the lens that focuses the light upon
the slit. There must be a compensation for the solid angle of the lens

[8],

L when

determining the irradiance upon the slit. Equation 46 is used to determine the flux
from the lens L,
Φ𝐿𝑛 = 𝐿𝑆

𝜋
𝐷𝐿
[1 − 𝑐𝑜𝑠 {2 [𝑠𝑖𝑛−1 ]}]
2
2𝑓𝑙

(46)

Where 𝐷𝐿 is the optical diameter of the lens and 𝑓𝐿 is the optical focal length.
From here the irradiance at the slit screen can be represented as
𝐸ℎ = Φ𝐿𝑛 𝑇𝐿

(47)

Where 𝑇𝐿 is the transmittance of the lens. For a 𝑓𝐿 = 100.0 𝑚𝑚 and𝐷𝐿 = 25.4𝑚𝑚
with𝑇𝐿 = 98.22% the following measurements for the irradiance at the slit where
found.
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Table 4: Listings of, 𝐸ℎ , irradiance upon the slit with respect to the various grit
ratings used in experiment
Grit Ratting of Ground Glass
𝐸ℎ (watts/meter2)
120 grit
7.1578 x 10-8
220 grit
7.4708 x 10-8
600 grit
8.2203 x 10-8
1500 grit
8.1934 x 10-8

The radiance from the slit screen is assumed lambertian therefore
𝐿ℎ =

𝐸ℎ
𝐴
𝜋 𝑠𝑙

(48)

Equation 48 represents the flux as it radiates from the slit, where 𝐴𝑠𝑙 represents
the area of the slit itself. From equation 48 the power on the detector can be
represented as the sum of the irradiance from our source, S, and virtual source,
S’ where these are defined in equations 49 and 50 respectively.
𝜋
𝑆𝐷
Φ𝑆 = 𝐿ℎ [1 − 𝑐𝑜𝑠 {2 [𝑠𝑖𝑛−1 ]}]
2
2𝐷

(49)

𝜋
𝑆𝐷
Φ𝑆′ = 𝐿ℎ [1 − 𝑐𝑜𝑠 {2 [𝑠𝑖𝑛−1 ]}] 𝑅𝑚
2
2𝑟

(50)

Where 𝑆𝐷 is the size of the detector, 𝐷 is the distance from the source to the
detector as shown in figure 18. 𝑅𝑚 is the reflectivity of the mirror in the setup, and
𝑟 is the distance from the virtual source, S’, to the detector. Finally, the power
upon the detector, Φ𝐷 is defined as equation 51.
Φ𝐷 = Φ𝑆 +Φ𝑆′

(51)

Table 5 shows the final calculation results for the power incident upon the
detector with respect to the different diffuser glasses used for the experiment.
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Table 5: Listings of,Φ𝐷 , irradiance upon the detector with respect to the various
grit ratings used in experiment
Grit Ratting of Ground Glass
Φ𝐷 (watts/pixel)
120 grit
1.927 x 10-15
220 grit
2.012 x 10-15
600 grit
2.213 x 10-15
1500 grit
2.206 x 10-15

In order to convert the power upon the detector previously stated into photons
per pixel, per second, the measurement should be divided by

ℎ𝑐
𝜆

to achieve a

wavelength of𝜆 = 683𝑛𝑚. It can then be seen in table 6 the results of this
conversion.
Table 6: Listings of,Φ𝑝 , sensitivity of the detector with respect to the various grit
ratings used in experiment
Grit Ratting of Ground Glass
Φ𝑝 (photons/pixel/sec)
120 grit
6.6565 x 103
220 grit
6.9502 x 103
600 grit
7.6445 x 103
1500 grit
7.6203 x 103
6.3 Experiment:
As stated earlier, the anticipation of this experiment is to produce fringes
in the CCD camera, which ensures that total interference of the two sources
occurs. Upon achievement of this goal it will be possible to perform statistical
analysis on the data produced for a true characterization of laser speckle.
6.3.1 Setup and Equipment used:
The setup used for the visible wave length interpretation of Lloyd’s mirror
experiment utilized a helium neon, HeNe, laser operating at 683nm which
cascades light upon our ground glass diffuser to generate speckle needed for the
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experiment. Figure 20 shows the setup as it is in operation for the Lloyd’s mirror
experiment, for a better visualization than the drawing shown in Figure 19 before.

Figure 20: Lab setup of Lloyd’s mirror experiment with 683nm laser.
For better understanding of the speckle fields used in this experiment,
Figures 21 thru 23 display the different speckle fields generated from the various
grit ground glass diffusers.
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Figure 21: Speckle generated by 120 grit ground glass diffuser

Figure 22: Speckle generated by 220 grit ground glass diffuser
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Figure 23: Speckle generated by 600 grit ground glass diffuser

Figure 24: Speckle generated by 1500 grit ground glass diffuser
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From observing the speckle fields generated, it was determined that best
results would be achieved using the 120 grit diffuser. Even though radiometry
calculations resulted in a conclusion that the use of the 1500 grit ground glass
diffuser would result in a higher amount of power upon the detector, the size and
significance of the speckle pattern itself is more important, and more dominate
with the 120 grit diffuser. The reason the 120 grit is more significant, is because
the magnitude of disorder in the coherency of light is greatest with the 120 grit
diffuser. With adequate results from the 120 grit diffuser, the process will stand
valid for all other grit selections of the ground glass diffusers. Once the speckle
was generated, it was then passed through a linear polarizer. Then, it was
passed through a thin lens which focused the light down onto a single slit placed
in the optical path way. This slit then acts as the source, S, seen in Figure 18.
The mirror placement seen in Figure 20 is much different than the mirror
placement in Figure 18. This was done for two different reasons; the first reason
is that it must be understood that the actual CCD chip in the detector is located
center of the camera structure. With the C mount attachment on the front of the
camera, it was necessary to have the mirror in this position so that the reflection,
or virtual source, was not blocked by the C mount attachment. The second
reason being that it is important to understand the distance measure for 𝑑 is
extremely small, due to the wavelength being used; in order for these small
increments to be achieved, the front face of the mirror must be positioned
extremely close to the source, S. Another useful observation about the setup is
that the mirror and CCD detector are placed upon a rotating stage, while
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simultaneously being placed on the rail system which holds the rest of the optical
components. This flexibility allows full control of the 𝐷 distance and 𝑑 distance
illustrated in Figure 18. It is important to reiterate that the 𝑑 distance is the main
controlling factor in fringe visibility and widths.
The detector used for this experiment is a quarter inch CCD chip which
outputs a resolution of 640 by 480 pixels at a rate of 60 FPS. The digital
conversion of the software associated with the camera used in the experiment
operates on an eight bit encoding system which introduces a margin of limitation
which will be covered in the sections to come.
6.3.2 Data Processing:
Once the setup and alignment of the optical components was achieved,
the data collection and processing could then take place. The first step of the
experiment was to achieve fringes produced by a coherent light source to ensure
the setup would provide the needed information of the speckle field. The diffuser
was removed from the setup, and then a fine tuned rotation of the stage was
preformed to ensure the setup was positioned in a way to place the source, S,
and distance 𝑑 in proper locations needed for fringes to occur. Figures 25 and 26
show the existence of fringes that were formed from the coherent laser source.

55

Figure 25: Proof of fringes in the Lloyd’s setup from a coherent light source
(640x480)

Figure 26: Representation of fringe width change due to stage rotation changes
(640x480)
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It can be seen that the fringe widths change from Figure 25 to Figure 26,
this change is a result of rotating the stage, and changes in the distance for𝑑.
Once fringes were confirmed, the diffuser was then placed back into the optical
system so that the statistical characterization of the speckle field could then be
derived. Figure 27 shows that the fringes were achieved once again after the
diffuser was placed back in the optical path way. These fringes being produced
by laser speckle, which is understood as an incoherent source, provides a
reassurance that it is possible for the individual speckle points of the speckle
pattern to be considered as a coherent source in and of itself.

Figure 27: Fringe pattern achieved with 120 grit diffuser
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Figure 28: Line plot of figure 27 on row 360, for an ease of fringe visibility.
For the statistical analysis of the fringe data produced, several MATLAB
scripts were implemented to calculate the autocorrelation function, visibility,
coherence coefficient, and mutual intensity. Figure 28 is one output of these
MATLAB scripts which can be used to better visualize the fringes that exist in
Figure 27.
One important fact that is worth noting about Figure 27 with respect to
Figure 26 is how it can be seen that the fringe brightness in Figure 27 is not as
intense as Figure 26. This is because laser power was decreased from Figure 26
to Figure 27 to prevent any saturation from occurring. This saturation can cause
a clipping of the signal due to the software settings of the camera used for
collecting the data. The digital encoding of the pixel value information is running
off of an eight-bit system providing only two hundred and fifty-six code words for
classifying. Due to this, the maximum intensity recorded will be 255 no matter the
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range at which the intensity truly surpasses this measure. With the clear
formation of the fringes in the observation plane this limiting factor does not
introduce too much of an issue, but it is important to note that with a higher level
of encoding, this process and data can achieve a higher degree of accuracy.
However, for the purposes of this research the power of the laser was reduced to
avoid this saturation, in efforts of more promising visibility measures.
As conveyed in the young’s double slit experiment, the objective after
fringe development is to calculate the visibility measurement of the fringes.
6.3.3 Visibility:
The visibility calculations for this setup follow the same logic as discussed
in the visibility calculation section of Young’s experiment. Due to this, Eq. 38 can
be used to calculate the visibility across the cascade of data matrices. Figure 29
shows the visibility measurement across one row of the seventy frames in the
image stack. It can be seen that the general shape of this plot follows an inverted
exponential, or right half of a Gaussian distribution, which was expected. To
confirm that this visibility measure was done properly, it was taken across
multiple rows of the image stack and all results followed this same inverted
exponential plot.
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Figure 29: Visibility measure derived from data matrices
6.3.4 Coherence Coefficient:
As previously mentioned in earlier portions of this paper, Goodman
[5]covers

in his text the relationship between coherence coefficients and visibility.

In the case in which the intensity from both sources is equal, then the coherence
coefficient and visibility are linearly related. In the Lloyd’s mirror setup it is known
that virtual source is created from the original source, therefore their intensities
must be equal resulting in the relation between the coherence coefficient and
visibility is linear for these results. Therefore the graph shown in figure 29 is also
the representation of the coherence coefficient, with an x-axis in terms of 𝑑
distance. This coherence coefficient provides the ability to describe the region in
which the speckle produces spatial coherency and also allows access to the
mutual intensities of both the scattering plane and observation plane of the setup.
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6.3.5 Autocorrelation Function:
Figure 30 shows the autocorrelation function found from the speckle field
generated in the Lloyd’s mirror setup. The way this graph was found, was done
by performing a data collection in which the rotating stage was in a position in
which the speckle field from the slit was the only source illuminate upon the CCD.
Data was collected at this point then the stage was rotated in smooth and evenly
spaced increments, while simultaneously collecting data. The data collected went
from speckle field due to one source, through all regions of interference, to
speckle field due to the other source. Once this data was imported into MATLAB
all frames were cascaded into a stack of frames creating a three dimensional
matrix.
It is important to understand that there does not exist a direct method for
finding the autocorrelation function of the speckle field from the data matrices
created. However, it is possible to determine an estimation of the autocorrelation
function. This estimation was calculated through finding the average visibility
measure across the image stack of data and then plotting that against the d
distance measure between the two sources responsible for the frame of data. As
already mentioned previously the visibility calculation followed the use of Eq. 38.
However, additions to this formula where made for the autocorrelation estimation
process to take place.
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Figure 30: Estimated autocorrelation function from mean visibility values
The first step was to determine the visibility measure along each row in a
single frame. This would allow for an adequate compensation for pixel regions in
the image where the fringes did not properly line up vertically. Once the individual
row visibilities were calculated for each frame, the mean visibility, variance of
visibility, and maximum of visibility were found. Due to the averaging of visibility
across all rows in each frame a reduction of temporal noise in the data occurs.
This averaged visibility measure is then plotted against the d distance between
sources to form Figure 30. To achieve this d distance measure, there was some
clever use of trigonometry and geometry of the experiment setup. When data
was collected, the measurement of rotation was recorded between each frame.
This distance of change, however, was not directly related to the desired d
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distance measure. Through the use of Figure 31 the derivation for an expression
for d distance measure can immense.

Figure 31: Geometry setup for understanding terms associated with
rotation of stage.
First the distance of change had to be converted into degree of rotation
between frames, once this was determined a relationship for distance from the
slit to center of rotation had to be determined. Because of difficulties in
physically measuring this distance to center of rotation, it was important to
represent is as a relationship between spatial fringe period, and other physical
measurements of the setup. The spatial fringe period, SFP, of one frame can be
found through the use of Eq. 52.
𝐿=

𝜆𝑧2
𝑑

(52)

Where, 𝜆 is the wavelength of the light source, 𝑧2 is the distance from the slit
plane to the CCD plane, and 𝑑 is the distance measure between the source and
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virtual source. The SFP was measured from a frame of data and the detector
pitch of the CCD. With the use of a measured SFP from one frame, the distance
to center of rotation could then be represented as seen in Eq. 53.
𝑑𝑅 =

2𝜆𝑧2 (𝐿2 −𝐿1 )
4Δθ𝐿1 𝐿2

(53)

Where, 𝐿2 𝑎𝑛𝑑 𝐿1 are SFP measured from two adjoining frames of data, and Δθ
is the change of rotation between frames in degrees. Finally, a representation for
the distance between sources could be expressed in terms of cumulative angle
of change in the rotating stage by.
𝑑 = 2𝑑𝑅 𝑠𝑖𝑛(𝜃)

(54)

With proper manipulation of these three equations the proper distances
between sources for each frame where found and plotted against the averaged
visibility measurement for that frame.
Once this estimated autocorrelation function of laser speckle was
determined, a fourth order polynomial curve fitting was placed upon the data so
that a numerical function describing the data could be found for further analysis.
This fitted curve with respect to the actual data can be seen in Figure 32, along
with the fourth order polynomial expression representing the fitted curve.

64

Figure 32: 4th order polynomial curve fitted to estimated autocorrelation function
It can be seen in Figure 32 that the autocorrelation found from this data
set does not resemble the delta function. Which could have been expected due
to the multiple assumptions made in previous work[12][2] regarding this factor.
Through the use of the fourth order polynomial expression given by the fitted
curve, analysis could then take place on finding the best distribution function to
accurately represent the correlation of laser speckle.
The distributions most closely related to the estimated autocorrelation
function, is an exponential distribution, and a Gaussian distribution. Figure 33
and 34 display these two different distributions upon the data, through the use of
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the forth order polynomial function, obtained from Figure 32, it can be determined
mathematically which distribution follows the data set more accurately.

Figure 33: Exponential distribution fitted to speckle correlation

Figure 34: Gaussian distribution fitted to speckle correlation
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After comparing the fitting of the exponential distribution, Gaussian
distribution, and fourth order polynomial with the data collected from the
experiment the residuals of each case could be found. Figures 35 through 37
show the residuals measured between the fitted distributions and live data.

Figure 35: Residuals of exponential distribution fitted to speckle correlation
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Figure 36: Residuals of Gaussian distribution fitted to speckle correlation

Figure 37: Residuals of 4th order polynomial curve fitted to speckle correlation
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It can be seen from these figures that the fourth order polynomial fit the data the
closest by producing the smallest amount of residuals. However, due to the ease
of use with an exponential or Gaussian distribution when working integrals; the
comparison of which correlation representation to use will be between these two
options. When looking at Figures 35 and 36, residuals plots which follow the
same shape can be seen. This indicates that the difference in distribution fittings
are inaccurate from the data along the same places in the data. However, when
looking at actual values of the residuals, it is seen that the exponential fitting
follows the data more closely than the Gaussian fitting. Therefore, it is
determined that laser speckle is exponentially correlated rather than delta
correlated.
6.4 Results:
It is understood that the fringes seen in the observation plane would be
dependent upon the distance between the sources in both Young’s double slit
experiment, as well as Lloyd’s Mirror experiment. It is known that the thickness of
the fringes and the number of fringes visible in the observation plane are directly
related to the distance measured between the slits. After only achieving viable
fringes in the Lloyd’s mirror experiment and understanding the relationship
between the fringe width and distance measure, an interesting observation was
made. While referring to Figures 27 and 28, in one still frame of the fringes
observed, it could be seen that the fringe thickness varied in width across the
detector. With this observation, it was concluded that this occurs due to the
wavelength of the laser used and the distance between the source and virtual
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source in the Lloyd’s mirror experiment necessary to create the proper fringes.
The conjecture being that the different width fringes occurred due to multiple
reflection points off of the mirror. This is possible because the characteristics of
the light propagating from the slit is following a spherical wave propagation.
The setup was adjusted and better aligned to help prevent this possible
occurrence, and all data calculations were performed on a data set that produced
properly proportioned fringes. Several frame selections of this data set can be
seen in Figure 38, allowing for better visualization of fringe appearance. See
appendix A for full cascade.

Figure 38: Progression of fringe appearance in CCD array reading left to right
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Utilizing the data seen in Figure 38, a line plot of intensity values across the
fringes was taken, which create Figure 39; this figure is to be used in comparison
with simulations from the Lloyd’s Mirror setup that are seen in Figure 40. It was in
this image that the fringe pattern would be enveloped within a combination of the
cosine and sinc squared functions. This enveloping effect comes from the
mathematical derivation of the interference pattern previously discussed. Without
achieving fringes in the Young’s double slit experiment, there were no substantial
results to use in a comparison. Figure 39 demonstrates the same plot when
applying the data of the Lloyd’s mirror experiment; represented within Figure 38.

Figure 39: Line plot of intensity values for comparison with simulations
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Figure 40: Simulation Results of Lloyd’s Mirror Setup
While comparing the plots in Figure 39 and Figure 40, it may not seem clear that
the general shape of both plots are following the cosine enveloped within the sinc
squared pattern as expected. Because of this, it was felt that a general shape
comparison would not truly validate the argument that successful data was
achieved. In efforts to clarify this validation, further comparisons and analysis
were made operating in the Fourier domain.
Because of inconsistency regarding the clarity of the cosine sinc squared
pattern throughout the rows of a frame of data, it was thought necessary to make
observations in the Fourier domain instead of the spatial domain. Figure 41
shows a collection of line plots from the same frame of data that produced Figure
39, however, these line plots are represented in the Fourier domain and not
intensity values.
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Figure 41: Collection of line plots in the Fourier domain from various rows in a
single still frame of data for proof of consistency in interference pattern
throughout the image.
It can be seen in these images that the three triangle functions, located in the
center of each plot, exist throughout the entire frame of data, despite the row in
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which the plot came from. This is as expected since it is known our data should
follow the enveloping sinc squared function about a cosine function, combined
with the knowledge that the Fourier pair of the sinc squared function is the
triangle function. Figure 42 shows a close up of one of these line plots for a
better understanding of these triangle functions present.

Figure 42: Line plot of Fourier Domain representation of data.
While observing Figure 42, it can be seen that the three triangle functions are
very dominate in the data. Understanding that through simulations and
mathematical derivations the expected outcome of accurate data is the
enveloping of a cosine signal within the sinc squared function in the spatial
domain. Knowing that the sinc squared function and triangle function are Fourier
pairs there lies the understanding of the three triangle functions centered in
Figure 42. When referring back to Figure 38, it can be seen there is a cosine
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signal enveloped within an altered sinc squared function. The reasoning the
secondary humps in this sinc squared function have such high amplitudes is due
to the amount of constructive interference in these sections. Because of this, it is
seen that there are three triangle functions present in the center of Figure 42,
instead of the possibly expected one triangle. Reiterating that these triangle
functions come directly from the sinc squared function as the Fourier pair, it can
be concluded that the interference pattern achieved is validated and follows the
mathematical expression previously given in this paper. Due to this consistency
in the data and interference pattern it can be concluded that the simulations for
Young’s experiment, simulations of Lloyd’s Mirror experiment, along with the
execution of Lloyd’s mirror experiment and all statistical properties derived from
these processes all stand valid.
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7. Conclusion:
The driving motive of this research was to find and characterize the
statistical properties of random laser speckle. The primary goal was to measure
the autocorrelation of a speckle field and determine indefinitely if the
assumptions of speckle being delta correlated would remain valid. Through the
application of Young’s double slit experiment and Lloyd’s mirror experiment, this
research has successfully provided adequate results in characterizing the
statistical properties of random laser speckle. It has been concluded that random
laser speckle is not delta correlated. However, it follows an exponential
correlation more closely. In this discovery, this research does not invalidate any
previous works that assumed a delta correlation for laser speckle. Yet, it has
been proven that the mathematical derivations of the autocorrelation function
cannot be simplified due to this assumption of delta correlation.[2][12] Additionally,
the results of this research have also proven there does exist a region of
coherency relating to random laser speckle. While operating in this region of
coherency the statistical properties of laser speckle, such as mutual intensity,
visibility, and power spectral density, can all be derived and measured for aiding
in any future research. This research is a significant attribute to the optical
engineering community by accurately defining the statistical properties of laser
speckle for further speckle based research to commence.
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8. Recommendations:
Upon determining the correlation of laser speckle was exponentially
correlated and not delta correlated, the continuation of this work would be to
venture back into the theoretical derivations made in Dr. Barnard’s work.

[1]In

defining the correlation of speckle as exponentially correlated, there is not an
invalidation of previous work. However, in each case that the assumption of delta
correlation was made, there needs to be an analysis of error that may exist
between using delta correlation simplifications versus full derivations. Before this
analysis of error in derivations takes place, it may be useful to repeat this work in
the MWIR spectrum again, following the Lloyd’s mirror setup which provided
significant results.
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10. Appendix:
Appendix 10.1 contains the full data set, image stack, of the frames
collected during the Lloyd’s Mirror experiment so that the interference pattern
change can be seen as the rotating stage transitions from source S to source S’.

10.1 Data:
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